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The key process in the climate change fingerprinting is to attribute the
large spatiotemporal averaged spectral variation to different climate variables.

This attribution can be expressed as a multivariable linear regression problem:

AR = KAX + ¢ (1a)
K, :ZTR;; i=1.2,..n,; j=12,..n, (1c)

AR Reflectance change signal (spectral difference between two climate states)
K Kernel matrix (fingerprints)

AX Climate variable changes to be retrieved
e Errors or residuals that cannot be explained by fingerprints

K cannot be measured directly, has to be generated from RT modeling.
R either from observation or model simulation.



Without the error consideration, the solution of Equation (1) is simply
AX=(K"K)"'K"AR

This is based on the ordinary least squares estimation (LSE).

A small error in K or in AR could produce large error in the solution. A
common approach used to account the error is the so-called optimal

detection:
AX=(K"E"'K)'K"E"'AR

where E is the covariance matrix of e in Equation (1).



The formulation for fingerprinting retrieval here is similar to those used in
many conventional retrieval methods applied to instantaneous satellite data.
However, the fingerprinting retrieval differs from the traditional remote sensing

retrieval in that

1) It uses the average-then-retrieval approach and thus is associated with the
averaged quantities over large spatiotemporal scales instead of the local or

instantaneous values.

2) ltis for the difference (AR and AX) between two climate states instead of the

absolute value (R and X).

The linear expression above implies that AR and AX have to small to maintain sufficient
linearity.



We use model-simulated data to test the concept of fingerprinting
attribution. Model input parameters:

v 10 years (2001-2010) of CERES SSF data from NASA Terra satellite ;

v aerosol and cloud properties (optical depth, particle size, phase, and
height) retrieved from MODIS;

v" column water vapor and surface wind data from GEOS5-MERRA
reanalysis;

v" ozone data from SMOBA;

v" ocean chlorophyll concentration from SeaWiFsS.

Input these parameters to the combined COART-MODTRAN model, we
generated the spectral kernels and a time series (10 years) of monthly mean
reflectance spectra (320-2300nm, 4nm resolution) to retrieve the interannual
changes in the 11 relevant climate parameters:

PW, AOD, O,
and
T, Fc, Ht, Re for water and ice clouds, respectively.
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An example of the model-simulated monthly and global mean reflectance
anomalies (AR) in the four months. In each panel, each color is for a different year.

AR is indeed small: typically less than £3% of the mean reflectance
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An example of solar spectral reflectance kernels.



Retrieval

Retrieval

Retrieval

PW (cm) AOD Ozone (Dobson)
0.3 T T 0.04 T 15 T T T
0.2F + E + 10F 5 ]
4+ 0.02 + b
f st 1
01F + +++ E =8
+ 0.00}F + + 1 of ]
0.0F 4; + E i N
+ -5F ]
+ —0.02 ¥ o+ E
—01F 9 N ok 1
RMS: 0.0296 RMS: 0.0063 RMS: 0.7504
-0.2 \ \ ‘ ‘ —0.04 ‘ ‘ ‘ -15 ‘ ‘ ‘ ‘ ‘
—02 -01 00 0.1 0.2 0. -0.04  -0.02 0.00 0.02 004 15 -10 -5 0O 5 0 15
Water Cloud Amount (%) Ice Cloud Amount (%) Water Cloud T
4 : : : : 3 : : : : : 0.6 : e
L + dt ]
E ] 0.4
2f 15 + i
e B R 4 02F ++ ya ]
s o F ] + o+ 0.0 + it ]
E o A 1 ° i
& L 1 1 -0.2f T ]
o A - =
ol Fils ER R ]
0.4 +
_af ] + o, o
-2F ~0.6} + 1
RMS: 0.7691 RMS: 0.5530 RMS: 0.1906
-6 \ -3 ‘ ‘ ‘ -0.8 +. : ‘
-6 -4 -2 0 2 4 -3 -2 -1 0 1 2 3 -0.8 -0.6 0.4 -0.2 0.0 02 0.4 06
Ice Cloud T Water Cloud Re (um) Ice Cloud De (um)
1.0 T T 0.6 T T T T 2 T T T =T
I o +
0sf g 1 0.4 o+ 1 "
- + 3 R
+ E
0.0fF o 1 0zp * JQ-FJ#; ] it N
+ Fok i + T+ 1
* 0 Ty
-0.5F { oot 4+ iy 1 H
T +-
+ + -1k 4 1
-1.0f + 1 o2t + 1
T 4+ ++
A + 7 Tt
RMS: 0.2643 RMS: 0.1321 i RMS: 0.4757
1.5 \ ‘ ‘ ‘ -0.4 Wk ‘ ‘ -2 ‘ ‘ ‘
-15 -10 -05 00 05 1. —0.4 -02 00 0.2 04 08 -2 -1 0 1 2
Truth
Water Cloud Ht (km) Ice Cloud Ht (km)
0.15 : : : : : 0.3 : : : :
+
0.10F + 1 ook + o E
+, 0
0.05F + B
] 01f 4 + A+ E
0.00 B ﬂﬂﬁ
+
. i |
—0.05F + 1 % e
+
—o.10F T EI 3 JH;%F# ! E
: ¥
RMS: 0.0175 AF# + RMS: 0.0619
-0.15 . . . . . -0.2 e . .
-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 -0.2 -01 0.0 0.1 0.2 0.3
Truth Truth

Comparison between the
fingerprinting retrieval and the
observational truth for the
monthly global mean anomaly.

Each panel is for a different
climate parameter (11 total).

The nonlinear error in kernels is
not considered in the retrieval.
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Latitude

The averaged kernels and reflectance are also derived for the 5 large
latitude regions. The fingerprinting retrieval is tested in these large regions.

Five latitude regions
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The kernel spectral shapes
for the cloud fraction and
the cloud t are similar in
many cases!

The upper panel is for water
cloud and the lower panel is
forice cloud.

This example is for a zonal
mean in the tropic (ON-10N).

Does this kernel ambiguity affect the fingerprinting?
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Tests confirmed the hypothesis! The retrieval accuracy in cloud t is
improved significantly when the cloud fraction is known a priori.
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The improvement is general in all regions!
Suggesting a separate measure of cloud amount from CLARREO to

unscramble cloud fraction and optical depth.

Comparison of the RMS
errors in the retrieved
cloud T anomalies in the
five climate regions
between known and
unknown cloud fraction.
The upper panel is for
water cloud and the lower
panel is for ice cloud.
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Conclusion

Using ten years of satellite data, we tested the concept of using fingerprinting
approach for climate change detection/attribution.

Comparing the fingerprinting retrieval to the observational truth, the RMS
differences are less than 2o of the variance for all variables in all regions. A large
error usually corresponds to the variables with large nonlinear radiative response,
such as cloud t and ice particle size.

Using the optimal detection method to take into account the nonlinear radiative
error in the kernels, the retrieval accuracy is significantly higher, so that the RMS
errors are reduced to less than 1o of the variance, indicating the profound impact
of the nonlinear error on fingerprinting retrieval.

Another important finding is that if the cloud fraction is known a priori, the
retrieval accuracy in cloud Tt would be improved substantially and generally; in
addition, a better retrieval for the water vapor amount and aerosol optical depth
can be achieved from the clear sky data only.

This finding suggests a separate measure of cloud fraction by CLARREO to
unscramble cloud fraction and optical depth variations.



v' Ozone retrieval has the highest accuracy among all variables in all cases.

v The test results demonstrate that the concept of climate change fingerprinting
based on the reflected solar benchmark spectra is viable.



